Abstract: This paper describes an approach to optimal management of hydrogen networks in refineries, focusing on the problems of reconfiguration that appears when, due to plant failures, the production of the hydrogen generating units suddenly decreases. The problem is formulated in terms of optimization as a MINLP one. Also, guidelines to the implementation of the optimum are presented with the aim of providing a practical solution to the inherent uncertainly and changing dynamics associated to the process.
INTRODUCTION
The use of hydrogen in refineries has increased a lot in the latest years due to two factors: the need of converting heavy into more valuable lighter products (cracking), and the need to reduce the amount of sulfur in hydrocarbons due to strict environmental regulations which impose a maximum amount of contaminants in oil products before they can be sold. In this way, hydrogen has become a key utility in the operation of current oil refineries.
The hydrogen (produced externally or internally in the refinery) is distributed through a network of pipelines at different pressures and purities to the different plants where hydrogen is needed (consumer plants). In this way, hydrogen is a common resource that constraints the operation of many plants. The management of the network requires adapting in real time the production of hydrogen to the demand of hydrogen from each consumer unit in charge of removing the sulfur of the hydrocarbon loads. These are not stable due to the market changes and, mainly, to changes in the origin of raw oil every few days in a typical refinery.
On the other hand, hydrogen is difficult to store, so, in order to satisfy continuously the demand, it is produced in excess, and the unused flow is sent to the fuel-gas network that feeds furnaces, boilers, etc.
In addition, network operation is not independent on the functioning of the plants linked to it. Besides production and distribution in the network, optimizing the use of hydrogen in the consumer plants is part of the solution of the optimal hydrogen management problem in a refinery. This is a large scale one, where, as we have seen, different types of problems can be identified, ranging from estimation of unmeasured variables to dynamic large scale economic optimization.
Few papers are found related to the real-time operation of the networks. An early contribution appears in (Petti et al., 1992) , where a system is designed to generate on-line advice for operators regarding the proper distribution of hydrogen resources in a refinery. The system uses a coupled architecture incorporating numerical computing in a knowledge based system environment. (Van den Heever et al., 2003) addresses the integration of production planning and reactive scheduling for the optimization of a case study of a hydrogen supply network. It solves the problem using multiperiod mixed integer nonlinear programming (MINLP) models for both the planning and scheduling levels, but, due to computational efforts in the planning problem, a heuristic solution method for this level based on Lagrangean decomposition is finally applied. In (Khajehpour, et al., 2009) an approach based on the use of a superstructure that is reduced by heuristic rules, based on engineering judgment is presented. The set of governing equations are solved with Genetic Algorithm showing the potential earnings that could be achieved in a real refinery.
Previous work from our group, (Sarabia et al. 2011) , has concentrated in the data reconciliation and optimal distribution aspects. This paper discusses other issues connected with the optimization of the operation and discusses other aspects from an on-going project under development in an oil refinery in Spain.
There are situations where the total amount of H 2 produced is not enough to satisfy the demand of H 2 from all consumers units. Sometimes due to a previous wrong management of the network, wrong assignment of hydrocarbon loads to each plant or maybe if a plant failure occurs in the producer plants, decreasing the H 2 generated. In this case, the hydrocarbon load to some consumer plants must be reduced, and perhaps some of them stopped, to allow a feasible operation. In this paper, the optimization problem has been modified to deal with these types of problems, providing, besides the optimal hydrogen distribution, an optimal load reduction able to be used as a pattern in the control rooms, including, if the load reduction is below than a lower range, the stopping of the corresponding plant. This reformulation implies to solve a MINLP problem.
The paper is organized as follows: after the introduction, section 2 describes the process in more detail and presents the main operational problems. Then, section 3 deals with some topic related to economic optimization of the network and associated plants, considering several alternatives. In section 4, a centralized approach is formulated where mathematical programming is used to perform data reconciliation and to obtain the recommended way of operation when a load reduction of hydrocarbon is needed. In addition, the paper addresses the implementation of the optimal policy computed linking it to the underlying basic control layer to deal with some aspects of uncertainty and mismatch process-model. Then, section 5 presents some results and finally, the paper ends with some conclusions and references.
HYDROGEN NETWORKS
Different architectures of hydrogen networks can be found in refineries. Fig. 1 represents the main components of what can be considered a typical one. They can be classified in the following categories:
Hydrogen plants. Named H3 and H4 in Fig.1 , they are dedicated to hydrogen production.
Platformer plants. Named P1 and P2 in Fig.1 . They consume hydrogen for increasing the octane number of several refinery products, but, as a result of the chemical reactions involved, a larger amount of hydrogen is generated, so that these plants can be considered net hydrogen producers Consumer plants. As G1, G2, N1, HD3, etc. in Fig. 1 . They use hydrogen in chemical reactions for different purposes, mainly for removing sulphur from different hydrocarbon streams, named hydrodesulfurizers (HDS), or for hydrocraking in order to convert heavy compounds into lighter ones. Their demands are functions of the flow and composition of the hydrocarbon streams they have to treat, which change every two or three days depending on the origin of the oil supplies to the refinery.
Proper management of the plant implies, among other things, maintaining the required amount and purity of hydrogen as a function of the HC load at the reactors input, using make-up or purified hydrogen, as well as guaranteeing not surpassing a maximum purity in the streams associated to the centrifuge compressors and minimizing hydrogen losses. Main disturbances are linked to changes in the HC load and composition that take place every a few days. Typically, the transients take several hours.
For these tasks, control room operators prefer using high purity hydrogen, but, being a shared and limited resource, a compromise must be found among them. In addition, cheaper alternatives can be found by managing the whole network and taking advantage of recycles and membranes. Besides, in cases where there is no enough hydrogen available in the network to satisfy the demand, a reduction of the HC load to the consumer plants is mandatory. Deciding on the reduction policy using priorities and minimizing losses is another choice that has to be made. Fig. 1 . They carry hydrogen from producers to consumers. They operate at different pressures and purities, and, usually, every consumer plant can be fed from different collectors. Pressure is maintained in the collectors by controllers that release excess hydrogen to the fuel-gas network.
The purpose of the network is to supply the required flows of hydrogen to the consumer plants. This is important, not only from the point of view of the operation of the plants, but also in order to protect the life of the expensive catalysts used in the reactors which require guaranteeing minimum hydrogen to hydrocarbon ratios.
OPERATION OPTIMIZATION
There are many problems involved in the optimal management of the hydrogen network and several strategies that can be applied to cope with its complex and large-scale nature. The first one is how to use the information generated in the control room to evaluate the performance of the process and make decisions about its functioning. Nevertheless, this information is incomplete and unreliable. Hence, a data reconciliation step has been proposed to cope with this problem. The model at this level can be formulated in steady state taking into account the fact that no significant accumulation of hydrogen takes place in the pipes and that the gas transients, in the orders of minutes, are much faster than the ones in the plants, in the order of hours. The data reconciliation provides, among other information, the actual hydrogen consumption and light gases production in the reactors.
Once the data reconciliation has been solved, the problem of how to redistribute the available hydrogen to maintain the operation of the plants reactors in the same conditions, as well as other operating constraints, with minimum hydrogen losses can be formulated. It provides the best hydrogen distribution from the current steady state condition. In cases of hydrogen shortage, it may provide also the best load 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 reductions at every consumer plant, or their shut down, to cope with the situation. This problem is not small, but, being static, can be solved in a short time compared to the process dynamics.
MATHEMATICAL FORMULATION

Data reconciliation
One of the main reasons to use data reconciliation is the inherent uncertainty associated to hydrogen networks due to its variable molecular weight. As mentioned before, hydrogen has a molecular weight of only 2. Hydrogen streams has always a certain proportion of impurities, light gases that have a molecular weight very large compared with the one of hydrogen. As a result, small variations in the composition of the impurities create large changes in the stream molecular weight, hence in the mass flows. Hydrogen is measured with volumetric transmitters and then converted to Nm 3 /h, a mass unit, according to the actual temperature, pressure and composition of the current, but without precise knowledge of this composition, the compensation made is only an approximation to reality. In the same way, hydrogen purity is measured only in a few points, so that, if decisions have to be made about the optimal hydrogen distribution, an estimation of the actual flows and purities must be made in advance.
For this purpose, a data reconciliation system has been implemented for estimating coherent values of all relevant variables in the network from current measurements. The approach assumes that physical laws, such as mass balances, etc., must be satisfied exactly. Then, a model of the whole network, including the plants, was developed and solved minimizing the differences between the model variables and the measured ones. The adjusted model variables are then considered as good estimated values of the ones in the network.
All nodes in the complete hydrogen network are modeled by mass balances in terms of purity, molecular weight and flow for every stream. Denoting F for flows, MW for molecular weight and X for purity of H 2 , the equations at a node will be described by:
All flows F are measured as normal ones (Nm3/h), at normal conditions of temperature and pressure. Each stream j is an ideal mixture of hydrogen (MW H2 = 2 g/mol) and impurities with a generic molecular weight MW j I such that:
The data reconciliation is then formulated as a non-linear programming problem that finds the values of the model variables that minimizes a cost function that penalizes deviations from the measured values: 
Here, β is the compensation factor, T refers to temperature and P to pressure with the subindex d to denote design values, w is a weighting factor and σ 2 is the variance of the measured variable that is used to normalize terms and to reflect the confidence in the measurement. The values of w can be adjusted as a function of the reliability of the measured variable. The role of β is to decompensate the model variables F, so that they can be compared with the measured values F med .
Besides the mass balances in the nodes (1), (2), additional balance equations are included to compute the hydrogen consumed in the reactors and the light gases production. In the same way, another set of equations takes into account the relation between variables of the separation units that recuperate hydrogen with the purpose of recycling it. These include flash separations at different pressures where light gases are removed from the hydrocarbon solutions, and where solubility equilibriums are formulated, and membranes that separate hydrogen from the other gases.
Also, a set of constraints is included that force the model variables to be within a range from the measured values: As well as other constraints particular to certain types of equipment. In order to guarantee a feasible solution in spite of instrumentation faults, a set of slack variables are added to the inequality equations. These variables squared are also added to the cost function with a large weight.
Network optimization
The data reconciliation step provides coherent estimations of all process variables involved in the hydrogen network and it is a first step in dealing with the inherent uncertainty of the process. In particular it provides the hydrogen consumption in the reactor as well as its light gases production.
When talking about network optimization, one can distinguish different associated problems. For instance, we can consider how to operate the plants with minimum costs respecting constraints and production targets, assuming that the network is in a quasi-steady state.
The problem was considered in a previous paper (Sarabia et al.) . In this case, the same model with some small modifications can be used for computing the optimal 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 decisions about the hydrogen distribution. In order to maintain current production targets, we can impose in the optimization problem the additional condition that the same operating conditions are maintained in the reactors, so that the estimations made by the data reconciliation about hydrogen consumption and light gases generation in the reactors and their properties are kept constant. In the same way, purity in the producer units, molecular weights in certain streams, platformers production and purge flows from low pressure separators and their properties are assumed to maintain the current values.
With this focus, the problem is formulated as a redistribution of hydrogen where a reduction in the hydrogen production can be achieved by reductions of losses and better recycling, taking into account all structural and operational constraints. Regarding what can be considered as optimal operation, there are several candidates that make sense. On one hand we can formulate the optimum as the minimization of hydrogen produced and purged to the fuel-gas network. But it is more natural to consider a cost function that includes explicitly the hydrogen production cost, the compression costs, and values the fuel-gas as a fuel, mixing hydrogen costs and energy savings:
Where the sums extend to all fresh hydrogen production units, all streams associated to compressors and all streams connected to the fuel-gas network. p represent prices and F represent the corresponding flows.
The problem is enlarged with constraints that guarantee minimum hydrogen/hydrocarbon ratios, maximum purity in centrifuge compressors, ranges in flows taking into account compressors capacities, ranges in purities imposed by the reactors, etc., which results in a NLP problem that is solved also with GAMS software.
Optimal load reduction
In this paper, the previous approach to optimization has been enlarged in two directions. The first one considers the case in which some of the hydrogen supplying units have a failure or production problem that force the unit to reduce suddenly its hydrogen supply by a certain percentage.
In this case, of course, the load to some hydrogen consuming plants must be reduced to allow a feasible operation. But instead of an ordered and coordinated reduction, as control room operators in charge of the different plants try to maintain the previous state of their plants, situations of hydrogen shortage may be created that can force to stop some consumer plants or use non-optimal feeds.
In the paper, the optimization problem has been modified to deal with these types of problems, providing an optimal load reduction able to be used as a pattern in the control rooms.
The main change in the problem formulation is associated to the fact that, instead of fix hydrocarbon loads and hydrogen consumptions in the reactors, the load on every plant j is assumed to be potentially reduced by a factor 0 ≤α j ≤ 1 that gives the potential load reduction in that plant from current load. Accordingly, some constraints are modified as the ones related to the hydrogen/hydrocarbon ratio r in the reactors:
These reduction factors are new decision variables to be incorporated to the optimization. Notice that both, consumer and producer plants, operates within a certain range, so that, if the load reduction is below than the lower range, the plant must be stopped. Modelling this behavior requires the use of additional binary variables indicating if a plant if running or not. So other binary variables y j have been incorporated to the problem, indicating when the plant can be operated between the current load and the minimum admissible one, or stopped. In this way the range constraints of flows and hydrocarbon loads are reformulated as 
When the binary variable y j has the value 1 flows and loads have the same range as, for instance, in (4), but when the binary variable has the value 0, the plant must be stopped.
So, the optimization problem provides, in addition to the optimal hydrogen distribution, which plants must be stopped and which ones must reduce production in certain percentage. One can argue that, including these reduction factors, the obvious solution for minimizing costs is having all α j equal to zero. In order to avoid this situation, the cost function is modified accordingly adding a term that penalizes the load reductions with a high weight that can be used at the same time to incorporate priorities in the load decrements among the different plants depending on the production plan.
In this way, the optimizer will maintain full load of the consumer plants unless it is not feasible according to the hydrogen available.
Notice that, now, the problem becomes a MINLP one, increasing the computation time.
Dealing with uncertainty and dynamics
The paper also considers another important aspect associated with the implementation of the proposed optimal solution. It is clear that, in spite of the data reconciliation step, the values computed by the optimizer will never correspond exactly to the ones that close the balances in the real process, both, because of the uncertainties and because the process is not in steady state, but changing with a certain dynamic. To cope 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 with both aspects, the interaction with the basic control system has been taken into account extending the set of control loops with others that help in implementing the optimal policy.
To understand the proposed implementation, first we must review the way some control loops operate.
In the plants, among other loops, pressure control ones are implemented with the purpose of closing the material balances in real time. Referring to Fig. 2 , we can see a simplified schematic of a HDS plant. The plant is fed with fresh hydrogen from collectors C-H3 and C-H4, with flow controllers not shown in the picture, and from the low purity collector CBP. In the picture we can see a simplified representation of the main pressure control loop that changes the flow from this collector to maintain the pressure in the high pressure separator after the reactors. Being a fast loop, this means that the balance of hydrogen, according to the different demands in the reactors, is automatically reestablished with low purity hydrogen from the CBP, so that the plant, for constant load, can be considered in equilibrium and the unbalance is translated to the CPB collector. In the same way, Fig. 3 shows two pressure control loops: one in the CBP and another in the H4 collector. They maintain pressure by sending excess gas to the fuel gas network (FG). So, for instance, H4 produces excess gas and maintains pressure releasing part of it to the FG, maintaining also the material balances, which implies that the opening of these valves should never be zero if regulation must be performed.
When applying the optimal values computed by the optimizer, the implementation has to deal with two problems: uncertainties that makes the real plant always different from the computed values, and dynamics of operation that implies a continuous adjustments between hydrogen production and consumption avoiding the resource to sending excesses to the FG or affronting transient hydrogen shortages if the computed values do not match the reality. To face these problems, an implementation strategy has been proposed that combines the previously mentioned basic control system with an extension displayed in Fig. 3 . The optimal distribution will fix the input from the C-H3 and C-H4 to all consumer plants, as well as purity targets in recycle streams and initial values of the production units. Any possible deviations from reality will be compensated with the flow from the CBP collector by the corresponding pressure controller, the unbalance being absorbed by the CBP collector. Here, the strategy represented in the schematic takes into account the fact that, as we will see in the next section, the optimizer, as one can expect, set the optimal flows to FG from the collectors in their minimum values, which have been fixed according to the historical variations. To impose these optimality conditions, additional control loops as the VPCs of Fig. 3 are added. These have as controlled variable the valve opening (or the control signal to the valve), with a small value for its set point, e.g. 2%, and as manipulated variable the actual hydrogen production of a hydrogen producing plant. Maintaining 2% opening means that pressure regulation is still performed, while the flow to FG is maintained continuously in a minimum by adjusting fresh hydrogen production. Notice that the same policy can be applied for any other minimum flow. In this way, the unbalances in all units around the optimal targets set, that accumulates in the CBP, as well as the small errors associated to the optimization are continually corrected to the actual operating conditions, dynamically adjusting hydrogen production and consumption.
In the same way, purity control loops, as the one in Fig. 2 or 3, allows maintaining the hydrogen purity specify by the optimization, sending part of the recycled gas to FG and eliminating the light gases which are mixed with the fresh hydrogen closing the balance of light gases around the point specified by the optimizer. Fig. 3 . Pressure control in two hydrogen colectors and additional control loops to implement optimal policy.
RESULTS
Next, results obtained in the operation of the network will be presented. Is important to mention that, for confidentiality reasons, they are shown in % of a certain production and the prices are fictitious, being H4 cheaper than H3, but they provide a realistic idea of the operation of the system. The system uses 166 measurements, averaged over a period of time, and the models involve 454 process variables plus the auxiliary ones. At present, the system is been tested in a variety of operating conditions. The results obtained after a 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012 two years testing period are quite satisfactory and allows obtaining information from the process not previously available as well as help in the relevant decisions concerning the best way to operate the plant.
Typical results are given in Table 1 , which corresponds to a situation in which 14 out of 16 plants are in operation. The column named "reconciliation" gives the estimation of the Nm 3 /h produced by the producer units H3 and H4 as well as the ones that come from the platformers P1 and P2, which are taken as a disturbance, and the amount sent to the fuel gas network. Then the column named Optimal Distribution gives the same values after an optimal redistribution of the hydrogen has been performed according to section 4.2. Notice that a reduction of about 5% can be obtained by better management. Due to space reasons, we do not present the particular changes in flows and purities of every stream. Then, one exercise have been performed assuming that, due to a failure in platformer P2, its production has dropped by 80%. This means that some plant has to reduce its hydrocarbon load or be stopped. The optimizer, using the MINLP approach presented in section 3.3, computes the new optimal redistribution that can be seen in Tables 2 and 3. In  table 2 we observe that H4 has increased its production, to compensate for the P2 drop, but, due to the constraints imposed by the structure of the network, H3 has nearly maintain its production. At the same time, Table 3 shows that the optimizer decided to stop plant NF3 and reduce the hydrocarbon load of plants G2 and N2 down to 41 and 66% respectively.
CONCLUSIONS
The paper describes an approach to the optimal management of hydrogen networks in refineries, focusing on the problems of reconfiguration that appears when, due to plant failures, the production of the hydrogen generating units is decreased suddenly. The problem is formulated in terms of optimization as a MINLP one. Also, a formulation to implement the optimum is presented that gives a practical solution to the inherent uncertainly and changing dynamics associated to the process, by combining the application in real time, as set point to the regulatory system, of most of the targets computed by the optimizer with a set of control loops in charge of maintaining the balances, computed optimal constraints and quality targets.
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